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Mass Spectrometry of Escherichia coli
RNA Polymerase: Interactions of the
Core Enzyme with 70 and Rsd Protein
and  forms comprising the pincers (Zhang et al., 1999)
and that this probably represents the general structure
of RNA polymerases in all organisms (Ebright, 2000).
E. coli uses seven different  factors, but most attention
has focused on 70, the product of the rpoD gene, the
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developments of the electrospray process, including its
evolution into nanoflow (Wilm and Mann, 1994) and its
coupling with time of flight mass spectrometers (Verent-Summary
chikov et al., 1994), are enabling the study of noncova-
lent interactions (Loo, 1997; Sobott and Robinson,The E. coli RNA polymerase core enzyme is a multisub-
2002). To investigate large multicomponent proteinunit complex of 388,981 Da. To initiate transcription
complexes, we have developed a tandem mass spec-at promoters, the core enzyme associates with a 
trometer capable of isolating species at high mass tosubunit to form holo RNA polymerase. Here we have
charge (m/z) values (Sobott et al., 2002). Tandem MSused nanoflow electrospray mass spectrometry, cou-
(MS/MS) involves selection, usually in a quadrupolepled with tandem mass spectrometry, to probe the
mass filter, of a well defined m/z range that encom-interaction of the RNA polymerase core enzyme with
passes the parent ion, followed by activation in the colli-the most abundant  factor, 70. The results show
sion cell and analysis of the products. When applied toremarkably well-resolved spectra for both the core
noncovalent assemblies, highly charged protein sub-and holo RNA polymerases. The regulator of 70, Rsd
units are evolved, giving rise to product ions with lowerprotein, has previously been identified as a protein
charge states than the original parent ion (Schwartz etthat binds to free 70. We show that Rsd also interacts
al., 1995). This dissociation process has been studiedwith core enzyme. In addition, by adding increasing
at the fundamental level in an effort to understand theamounts of Rsd, we show that 70 is displaced from
gas phase structure of ions from small protein com-holo RNA polymerase, resulting in complexes of Rsd
plexes, but to our knowledge has not been used towith core and 70. The results argue for a model in
identify unknown proteins in complexes. For proteinwhich Rsd not only sequesters 70, but is also an ef-
complexes of unknown subunit composition, the suc-fector of core RNA polymerase.
cess of mass measurement can be limited by the very
mild desolvation conditions required to maintain interac-
Introduction tions, such that it is not always possible to obtain spectra
devoid of solvent and buffer molecules. This can lead
In bacteria all transcription is due to a single RNA poly- to difficulty in assigning masses, since it is not possible
merase species. Core RNA polymerase is capable of to determine the number of trapped water and buffer
transcript elongation but not of promoter-specific tran- molecules in the complex. Consequently, conditions for
script initiation. Initiation requires the addition of a  adequate desolvation can cause dissociation of the
subunit to form the holoenzyme that is competent for complex. However, if acceleration of the ions is achieved
promoter recognition and the formation of transcription- in the gas phase, in the collision cell of the mass spec-
ally competent “open” complexes. The E. coli core en- trometer, heterogeneity due to solvent and buffer mole-
zyme, which is usually accepted as the paradigm, has cules binding can be removed, leading to increased
a subunit composition of 2 and a mass of 389 kDa resolution and precision in mass measurement. Here we
(Ebright, 2000). Crystallographic studies show that the apply these MS/MS and acceleration strategies to the
core enzyme structure is akin to a crab claw with the  study of RNA polymerase isolated from E. coli, a multi-
subunit complex known to interact with a number of
additional proteins not yet fully defined.*Correspondence: cvr24@cam.ac.uk
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In this study, we report the application of nanoflow
ESI MS to study bacterial RNA polymerase. First, we
studied core enzyme that had been purified intact by
standard methods from E. coli (as opposed to reconsti-
tuted from overproduced individual subunits). Second,
we overproduced and purified recombinant 70 protein
and studied its interaction with the purified core enzyme.
We obtained remarkably well-resolved mass spectra
and used tandem MS to probe the subunit composition
of different species. The interactions of the core enzyme
and holo RNA polymerase with Rsd are also examined.
The results show that Rsd can interact with core RNA
polymerase as well as with 70 and suggest that the role
of Rsd may not be as simple as hitherto thought.
Results
Figure 1A shows a typical nanoflow ESI mass spectrum
of the core enzyme isolated from E. coli. Despite the
fact that the complex was isolated from natural sources,
stored in very high-salt-containing buffers, and was not
subjected to enrichment strategies, the spectrum is re-
markably well resolved. Only one major series of peaks
centered around m/z 10,000 (A) is observed. Two addi-
tional minor series of peaks can be discerned at m/z
values 7,000 (B) and 13,000 (C). These three distinct
envelopes of peaks each represent charge state series
and are a consequence of the ESI process (Fenn et al.,
1989). Adjacent peaks in a series differ by a single
charge; therefore, solution of a series of simultaneous
equations enables the determination of the mass of the
species. The measured mass of the major species A
(Table 1) is consistent with a core enzyme stoichiometry
2, in accord with data from crystallographic stud-
ies of the core enzyme from Thermus aquaticus (Zhang
et al., 1999). The calculated mass for series B corre-
sponds essentially to the mass of the principal complex.
The observation of more highly charged species in ESI
is usually associated with unfolding (Chowdhury and
Chait, 1990) and is probably due to exposure of basic
sites for protonation while maintaining intersubunit con-
tacts. The charge state series C corresponds to a mass
twice that of the principal component and is assigned
to a dimer of the core enzyme, which is known to form
in low-salt conditions (Dyckman and Fried, 2002). This Figure 1. Mass Spectra of Core and Holo Forms of E. coli RNA
Polymerasespectrum therefore demonstrates that it is possible to
(A) The core enzyme (upper trace) gives rise to a predominant seriesstudy the intact core enzyme, to observe increased flexi-
of peaks labeled “A,” a more highly charged series labeled “B,” andbility of one or more subunits, and to detect self-associa-
a low intensity series corresponding in mass to dimer labeled “C.”tion to form dimeric species.
Addition of recombinant 70 (lower trace) leads to formation of the
In order to examine the holo RNA polymerase, we holo complex at higher m/z values. Inset: schematic representation
added 70 prepared from recombinant sources to core of the subunits adapted from the X-ray structure (Zhang et al., 1999).
enzyme in a 1:1 ratio. Figure 1A (lower panel) shows a (B) Tandem mass spectrum of the 41 parent ion of the holo com-
plex. Inset in (B) is an expansion of the low m/z series assignedspectrum recorded for this sample. Compared to the
to the  subunit. The high m/z series (H) corresponds to thecore enzyme, the charge state series for the holoenzyme
holoenzyme that has lost an  subunit.is shifted to higher m/z values. Calculation of the mass
of this series indicates a mass difference of 74,358 be-
tween the core and the holoenzyme, which is consistent with neutral argon gas molecules, causing dissociation
due to increased internal energy. Figure 1B shows thewith the mass of 70 (Table 1). To investigate further
the composition of RNA polymerase holoenzyme, we MS/MS spectrum of the41 charge state of the holoen-
zyme. At m/z values below 2000, a highly charged seriesapplied MS/MS. The first step in MS/MS is the isolation
of parent ions of defined m/z value (in this case m/z of ions is observed. The mass measured from this series
is in close agreement with the mass calculated for an 11,400 20). These ions are then subjected to collisions
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Table 1. Masses of Complexes and Subcomplexes
Theoretical Measured
Complex Mass (Da) Mass (Da) Figure Number
Core (2) 388,981 393,689  46 1A
 36,512 36,515  0.7 1B
 (mercaptoethanol adduct) 36,588 36,591  0.5 2B
 150,632
 155,160
 10,165
Rsd 18,244 18,244  0.3 2B
70 (His-tagged) 72,428 72,427  1 (Westblade et al., 2004)
Holoenzyme (Core  70) 461,409 468,047  45 1A
Holoenzyme  424,897 425,568  1 1B
Core:Rsd  370,713 371,432  17 2B
Core  352,469 353,063  20 2B
Core:Rsda 407,225 408,194  66 2A
Corea 388,981 389,085  30 2A
Core:Rsda 407,225 408,265  53 3B
a After acceleration in the collision cell to improve desolvation of the ions.
subunit (Table 1). At high m/z (22,500) a lower intensity in the starting solution. The upper trace in Figure 3A
shows the spectrum recorded for the holoenzyme priorseries of ions is observed. The mass of this series of
ions is consistent with that calculated for holoenzyme to the addition of Rsd. The peaks observed at m/z 10,000
correspond to those observed for the holoenzyme (cf.from which one  subunit has been lost (see Table 1).
Our results confirm the subunit stoichiometry of holo Figure 1). Upon addition of an equimolar quantity of Rsd,
a second series of peaks is apparent below m/z 5000.RNA polymerase and establish that the principal dissoci-
ation pathway of the collisionally activated complex oc- These peaks correspond in mass to a species of mass
90 kDa. This value is higher than the individual massescurs via loss of an  subunit.
Previous studies have demonstrated that Rsd can in- of any of the components present in the complex and
is consistent with a 1:1 complex formed between Rsdteract with 70 (Jishage and Ishihama, 1998; Westblade
et al., 2004). To investigate the possibility that core RNA and 70. The 1:1 Rsd: 70complex was anticipated from
studies of the two proteins in isolation (Westblade etpolymerase enzyme might also interact with Rsd, we
incubated core enzyme and Rsd in an approximately al., 2004). In the experiments reported here, however,
there is essentially no free 70 in the holoenzyme prepa-1:1 ratio and analyzed the resulting complexes by MS.
Figure 2A shows a spectrum acquired using acceleration ration; the only70 that could bind to Rsd must previously
have been associated with the holoenzyme. Further ad-in the collision cell to provide additional desolvation of
the complex ions. The spectrum reveals two overlapping dition of Rsd in a 2-fold excess over the holoenzyme
preparation gave rise to a further increase in the amountcharge state series. The series labeled C corresponds
in mass to the core enzyme (Table 1). The additional of the 90 kDa species, implying that a greater proportion
of 70 is now in complex with Rsd. Acceleration of theseries at lower intensity (labeled CR) corresponds to a
higher mass species of molecular weight 408,265. By ions formed from the sample containing a 2-fold excess
of Rsd over the holoenzyme gives rise to an additionalcomparison with the mass measured for core in the
same spectrum, the mass difference of 19,180 is close series of peaks at high m/z, labeled with asterisks in
Figure 3B. The mass of this series is consistent withto the calculated mass of Rsd (18,244 Da). To confirm
the subunit composition of the complex, ions within core enzyme binding to Rsd (Table 1). The results of
this experiment therefore demonstrate that Rsd dis-the mass range 10,457 20 m/z, which correspond to
overlap of the two charge state series, were isolated, places 70 from the holoenzyme by forming a 1:1 com-
plex with Rsd and binding to the core enzyme itself.accelerated, and analyzed. The resulting MS/MS spec-
trum is shown in Figure 2B. Three distinct series of ions To confirm the interactions involving Rsd observed in
the mass spectra, we carried out a series of experimentsare observed at high m/z corresponding to core (C),
core:Rsd minus an  subunit (CR), and core minus and analyzed complexes using nondenaturing PAGE
(Figure 4A) complemented with SDS-PAGE (Figure 4B).an  subunit (C) (Table 1). These dissociation path-
ways are consistent with isolation of two species with When core RNA polymerase and 70 were incubated
together, a single band due to the70-associated holoen-overlapping m/z values and correspond to the core:Rsd
complex and the core enzyme alone. zyme appeared on the nondenaturing gel after staining
with Coomassie brilliant blue (Figure 4A, lane 1). TheSince our results have established Rsd can bind to
RNA polymerase core enzyme, it is interesting to see composition of the band was determined as 70-associ-
ated RNA polymerase holoenzyme after analysis byhow binding of Rsd affects 70 binding in the holoen-
zyme. To investigate this, we carried out a titration by SDS-PAGE and staining with silver stain (Figure 4B, lane
10). When Rsd was mixed with 70 and core RNA poly-addition of aliquots of Rsd into a solution containing the
holoenzyme. For this experiment, the reconstitution of merase, no novel bands appeared, as compared with
the70-associated holoenzyme (Figure 4A, compare lanethe holoenzyme was performed with a substoichiomet-
ric quantity of 70 to ensure that no free 70 was present 1 with lanes 2 and 3). However, SDS-PAGE analysis of
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Figure 2. Mass Spectrum of RNA Polymerase Core Enzyme in the
Presence of Added Equimolar Rsd
(A) Acceleration through the collision cell was used to improve reso- Figure 3. Spectra Recorded after Addition of Rsd to the Holo RNA
lution The peaks assigned to core enzyme are labeled “C,” and Polymerase
additional peaks at higher m/z values to core enzyme binding to
(A) Upper trace, holoenzyme alone; middle trace, holoenzyme withRsd are labeled “CR.” At the low m/z between 800–2800, series of
equimolar Rsd; and lower trace, holoenzyme with 2-fold excess ofpeaks are assigned to the  subunit and Rsd (“R”).
Rsd. The series of ions at low m/z correspond in mass to a 1:1(B) Tandem mass spectrum of ions with overlapping charge states
complex of Rsd with 70.corresponding to core enzyme and core enzyme bound to Rsd. The
(B) The complex formed in the presence of a 2-fold excess of Rsdhigh m/z products are assigned to core enzyme (“C”), core enzyme
over that of holoenzyme was accelerated in the collision cell atbound to Rsd minus an  subunit (“CR”), and core enzyme minus
150V, revealing the presence of species labeled “*” assigned to thean  subunit (“C”). The low m/z series are assigned to Rsd (“R”)
core enzyme bound to Rsd.and  subunits.
the complex revealed the presence of Rsd (Figure 4B, by nondenaturing PAGE. Figure 4A, lane 5, shows that
the migration pattern of core RNA polymerase is alteredlanes 11 and 12), providing evidence for a ternary
Rsd:70:core RNA enzyme complex. Changing the order in the presence of Rsd. In the absence of Rsd, core
enzyme migrates as a diffuse set of bands (lane 4);in which the proteins are added to the reaction mixture
did not alter the migration pattern of the proteins. To however, upon addition of Rsd, core RNA polymerase
appears to migrate as a single diffuse band (lane 5). Byinvestigate the possibility of an Rsd-core enzyme com-
plex, Rsd and core enzyme were mixed, and analyzed analyzing the components of the band in Figure 4A,
Mass Spectrometry of E. coli RNA Polymerase
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Figure 4. Nondenaturing PAGE and SDS-
PAGE Were Used to Probe the Associations
of Rsd with the Core Enzyme and the 70-
Associated Holoenzyme
(A) Different combinations of Rsd, (His)670,
and core RNA polymerase were incubated
together for 25 min and electrophoresed on
a 5% (w/v) polyacrylamide nondenaturing gel.
In lanes 2 and 3, the proteins enclosed in
square brackets were preincubated for 15
min before the addition of the third protein
and a further 10 min incubation.
(B) The bands due to the proteins separated
by nondenaturing PAGE, shown in (A), were
excised and their composition revealed by
SDS-PAGE.
lane 5, by SDS-PAGE, it is possible to see that Rsd the significance of this interaction has yet to be defined,
we suggest that it may have a role in channeling corecomigrates with core enzyme under the conditions em-
ployed (Figure 4B, lanes 11 and 12). These data provide RNA polymerase to particular subsets of promoters.
The principal finding from this study is that MS canevidence that Rsd can form a complex with both the
core and holo RNA polymerase. be used to study the multisubunit bacterial RNA poly-
merase and its interactions. Starting with core enzyme,The analysis by electrophoresis supports the findings
from MS that core interacts with Rsd. It was not possible purified by conventional methods from E. coli K-12, we
were able to follow its interaction with the major E. colito confirm the observation that Rsd displaces 70 from
the holoenzyme using the PAGE approach. In the MS  subunit, 70. Subunits within the complex could be
identified by tandem mass spectrometry. The strikingexperiments we were unable to observe conclusively
the presence of the ternary complex formed between clarity of the spectra, and their accuracy, prompts us
to suggest that this technology will have applications incore:Rsd:70 as was indicated by the PAGE analysis.
This can be explained either by the fact that such a the study of the many protein-protein, protein-DNA, and
protein-RNA interactions in complexes that regulatecomplex, if formed, is unstable and dissociates readily
in the mass spectrometer or that, if formed, is difficult gene expression. Moreover, the technology is capable
of monitoring dynamic interactions such as thoseto detect within the context of the high molecular weight
complex. However, the fact that Rsd was found to bind formed by addition of Rsd to the holoenzyme, where
binding to the core takes place concomitantly with bind-to core in both sets of experiments confirms the major
conclusion of this study. For the binding of Rsd to holo- ing to 70. Since such interactions in large complexes are
often difficult to follow by established structural biologyenzyme, we conclude that if a ternary complex is formed,
it is unstable and leads to the formation of the binary methods, the results described here place this MS meth-
odology in a pivotal position for investigating other dy-complexes core:Rsd and 70:Rsd.
namic subunit interactions, such as those exemplified
by analogous eukaryotic transcription complexes (No-Discussion
gales, 2000). Since the modern view of the cell has re-
cently been described as being a network of interlockingOur experiments with purified Rsd demonstrated, sur-
prisingly, that Rsd can form a complex with core RNA assembly lines, each of which is composed of large
protein machines (Alberts, 1998), the importance of thispolymerase. Rsd had been identified previously (Jishage
and Ishihama, 1998) as an E. coli protein that binds to methodology cannot be overestimated.
the RNA polymerase 70 subunit and prevents it from
Experimental Proceduresinteracting with the core enzyme to give the transcrip-
tionally competent holo RNA polymerase. The observa-
Materialstion that Rsd is expressed during the stationary phase
Core enzyme was prepared as described previously (Lederer et al.,
led to the suggestion that its principal role was simply 1991) from E. coli MRE 600 cells harvested at early stationary phase.
to sequester 70 in nongrowing cells, so that more core The protein was stored at 	80
C in Tris 10 mM (pH 7.9), 500 mM
NaCl, 50% v/v glycerol, and 10 mM -mercaptoethanol. The proteinRNA polymerase could be “captured” by the alternative
was at least 97% pure and free of sigma factors as judged byfactor, 38, which is needed for the expression of certain
electrophoresis on a 10% w/v SDS-polyacrylamide gel. It did notgenes important for nongrowing cells. Our results argue
give any transcripts when used in single round transcription assaysthat the situation cannot be as simple as this. Our data
using supercoiled plasmid templates. Rsd and 70 were purified from
show that Rsd not only displaces 70 from holo RNA recombinant sources. Plasmids encoding the Rsd and (His)670 were
polymerase to form a 1:1 Rsd:70 complex, but also that transformed into E. coli strain BL21 (DE3) cells. Expression of Rsd
was induced by the addition of 0.4 mM isopropyl-D-thiogalactosideRsd interacts with the remaining core enzyme. While
Structure
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(IPTG) (Bioline) to mid-log phase cells grown at 30
C in LB media premise it is apparent that the precursor ion (37) assigned to
core:Rsd can dissociate according to Equations 1 and 2.supplemented with ampicillin (200 g/ml) (Sigma Aldrich) and chlor-
amphenicol (25 g/ml) (Sigma Aldrich). Expression of (His)670 was
Core:Rsd (37) → core (27)  Rsd (10) (1)induced by addition of 1 mM IPTG to early-log phase cells grown
at 37
C in LB media supplanted with ampicillin (200 g/ml) and Core:Rsd (37) → core:Rsd (17)   (20) (2)
chloramphenicol (25 g/ml). Full protocols for the purification of
Rsd and (His)670 are described in Westblade et al. (2004). For charge state of the core:Rsd (37) to coincide with that of core
enzyme alone, the charge state is calculated as 35. This allows
us to define the principal dissociation pathway in Equation 3.Gel Electrophoreses
Nondenaturing PAGE was performed in the absence of detergent Core (35)* → core (16)   (19) (3)
at 4
C. The stacking gel was composed of 200 mM Tris-HCl (pH
8.5), 10% (v/v) glycerol, and 4% (w/v) acrylamide. The separating It is important to note however that dissociation occurs via a number
gels were composed of 5% (w/v) acrylamide, 200 mM Tris-HCl (pH of different pathways in addition to those outlined above, leading
8.5), and 10% (v/v) glycerol. Samples were electrophoresed in Tris- to a charge state distribution of the three high mass products and
glycine buffer (30 mM Tris-HCl [pH 8.5], 192 mM glycine) at 25V the two low m/z species. The peaks assigned to  subunits appear
through the stacking gel and 50V through the separating gel. Reac- as doublets separated by a mass difference of 76, indicative of 
tions (10 l) containing 2.5 g bovine serum albumin (BSA), 2.5 g mercaptoethanol adducts formed during purification.
core RNA polymerase (Core), and either 2.5 g (His)670 or 2.5 g
Rsd were incubated for 25 min at 25
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Mass spectra were recorded on an ESI time of flight mass spectrom-
Referenceseter (LCT) and a tandem mass spectrometer (QToF) modified for
transmission of high mass complexes (Sobott et al., 2002), both
Alberts, B. (1998). The Cell as a collection of protein machines:equipped with nanoflow Z-spray sources (Micromass, Manchester,
preparing the next generation of molecular biologists. Cell 92,UK). Nanoflow ESI capillaries were prepared as described previously
291–294.(Nettleton et al., 1998). The following experimental parameters were
used typically (positive ion mode): capillary voltage 1.7kV, cone gas Chowdhury, S.K., and Chait, B.T. (1990). Analysis of mixtures of
100 L/h, sample cone 90V–200V, extractor cone 0V–10V, ion transfer closely related forms of bovine trypsin by electrospray ionization
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 mass spectrometry: use of charge state distribution to resolve ions
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 10	7 mbar, and spectrum of the different forms. Biochem. Biophys. Res. Commun. 173,
acquisition frequency 3.9 kHz. For high molecular weight com- 927–931.
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ence of argon without prior isolation. Argon gas at cylinder head zyme in vitro. J. Biol. Chem. 277, 19064–19070.
pressure of 2.7 bar is admitted to the collision cell, and acceleration
Ebright, R. (2000). RNA polymerase: structural similarities betweenpotentials of up to 200V are used. External calibration of spectra
bacterial RNA polymerase and eukaryotic RNA polymerase II. J.was achieved using solutions of cesium iodide. Data acquisition and
Mol. Biol. 293, 199–213.processing was carried out using MassLynx software (Micromass,
Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F., and Whitehouse,Manchester, UK). All spectra are shown without background sub-
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